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EXECUTIVE SUMMARY

Aircraft flying at altitudes different from those assigned by Air
Traffic Control (ATC), are frequently reported to the Aviation Safety Report-
ing System (ASRS). This study focuses on the probability distributions of
the magnitudes of altitude deviations obtained from 502 ASRS reports received
between May, 1978 and November, 1979, and the implications of those distribu-

tions.

The altitude deviations range from 100 to 16,500 feet, and occur with
nearly equal frequencies above and below assigned altitudes. A scatterplot
shows that large and small altitude deviations are mnot strongly associated
with high and 1low altitudes, respectively. The magnitudes of the altitude
deviations show marked concentrations at integer multiples of 1,000 feet.
Less than 20 percent of this concentration is attributed to rounding.
Rather, the concentrations reflect the tendency of deviating aircraft to be
flying level at cardinal altitudes or for their deviation to be detected at
cardinal altitudes. For approximately 100 reports involving conflicts where
avoidance or evasive action was taken, a scatterplot shows that large alti-

tude deviations are not associated with small miss distances.

The magnitudes of altitude deviations, without regard to sign, are found
to be exponentially distributed with a mean altitude deviation of approxi-
mately 1,080 feet. FExponential distributions are also found for various sub-
groups of the reports that include: failures-to-maintain assigned altitudes,
including premature departures; and failures-to-attain assigned altitudes,
including failures to meet crossing restrictions. The exponential distribu-
tions of the altitude deviations for these subgroups have mean altitude devi-
ations of 770, 1,240, and 1,960 feet, respectively. Exponential distribu-
tions of altitude deviations are also obtained for other subgroups that
include: reports 1involving pilot-initiated and controller-directed evasive
actions, reports received from pilots, reports received from controllers, and

reports involving military and nonmilitary aircraft.
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The exponential form of the distribution of magnitudes of altitude devi-
ations 1is explained by interpreting the results in a time domain. TIf the
magnitude of an altitude deviation is divided by a reference rate of climb or
descent, the resulting time can be interpreted as an estimate of the time
required to generate the altitude deviation at that rate. Because altitude
control mechanisms were inoperative, overriden, or failed to serve their
function in most narrative accounts of altitude deviations, such a time is
interpreted as referring to the time required for human detection of the
altitude deviation. The exponential forms for the detection times are also

implied by a direct argument given in the report.

Based on an assumed reference rate of 1,500 ft/min, it is computed that
half of the time an altitude deviation would be detected within 30 seconds.
Corresponding half-lives for altitude deviations involving failures-to-level,
failures—to-maintain, and failures-to-attain are approximately 20, 35, and 55
seconds, respectively. A change in the reference rate of climb or descent
yields an inversely proportional change in mean detection time but does not
change the exponential form of the distribution of detection times. A refer-

ence rate of 1,500 ft/min is used for illustrative purposes only.

The general argument for exponentially distributed detection times may
be applicable to a variety of other aviation safety problems. For the argu-
ment to be applicable, the problem must come into existence at some inception
time and then persist until detection. Problems involving heading errors and
communication errors are likely candidates for exponential distributions of
detection times; less 1likely candidates include problems associated with

fatigue or inexperience.
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PROBABILITY DISTRIBUTIONS OF ALTITUDE DEVIATIONS

by

Ralph E. Thomas* and Loren J. Rosenthal**

SUMMARY

This is a statistical study of the magnitudes of altitude deviations
obtained from 502 ASRS reports received between May, 1978 and November, 1979.
The deviations range from 100 to 16,500 ft. The magnitudes of altitude devi-
ations, without regard to sign, are found to be exponentially distributed
with a mean of 1080 ft. Exponential distributions are also found for various
subgroups of the reports that include: failures-to-level in which pilots
fail to level at assigned altitudes; failures—to-maintain assigned altitudes,
including premature departures; and failures-to—attain assigned altitudes,
including failures to meet crossing restrictions. These subgroups show mean
altitude deviations of 770, 1240, and 1960 ft, respectively. At a constant
reference rate of climb or descent, these results are interpreted as exponen-
tial distributions of times required for human detection of altitude devia-
tions. On this basis, at an assumed reference rate of 1500 ft/min, it is
computed that, half of the time, an altitude deviation would be detected
within 30 seconds. Corresponding half-lives of altitude deviations involving
failures-to-level, failures-to-maintain, and failures-to-attain are found to
be approximately 20, 35, and 55 secounds, respectively. A change 1in the
reference rate of climb or descent yields a change in the mean detection
time, but does not change the exponential form of the distribution of detec-—

tion times.

*Senior Research Leader, Statistical and Mathematical Modeling, Battelle’s
Columbus Lahoratories; Dr. Thomas is consulting statistican for BCL’s ASRS
Office.

**pesearch Scientist, Transportation Systems Section, Battelle’s Columbus
Laboratories.



INTRODUCTION

Altitude deviations are one of the most frequent aviation safety prob-
lems reported to the Aviation Safety Reporting System (ASRS). This study
examines the probability distributions of the magnitudes of altitude devia-
tions and their implications. It 1is based on an analysis of 805 reports
received between May, 1978 and November, 1979. Altitude deviation data were

obtained from 502 of the reports.

OBJECTIVES AND SCOPE

The objective of this research is to identify and describe the statisti-
cal properties of the magnitudes of the altitude deviations reported to the
ASRS. In this report, an altitude deviation is said to occur when an air-
craft is flown at an altitude different from that assigned by ATC. This
definition excludes from study those instances in which (1) aircraft were
flown at improper altitudes because of controller errors, (2) aircraft
climbed or descended from previously assigned to nmnewly assigned altitudes,
and (3) altitude excursions resulted from the exercise of pilot emergency
authority. The research includes reports involving climbing or descending
aircraft that fail to level at the ATC assigned altitude, reports in which an
aircraft prematurely leaves an ATC assigned altitude, and reports in which an
aircraft fails to reach its assigned altitude. These are termed in this
report, respectively, failures-to-level, failures-to-maintain, and failures-

to-attain.

.

Initial research efforts analyzed altitude deviations as spatial
phenomena. ASRS incident reports are generally conducive to such an analysis
and provide sufficient data to estimate the magnitude of the deviation in

distance units.

As the research effort evolved, it became apparent that the altitude
deviations might usefully be examined in the time domain as well. The sta-
tistical properties of the detection times of altitude deviations are of par-

ticular interest. The data provided in ASRS reports generally are



insufficient to directly measure the magnitudes of altitude deviations in
time. However, some broad inferences can be drawn in the time domain using

deviation distance measures as surrogate data.

The flight geometry of altitude deviations is not as simple as might be
imagined. The three basic altitude deviations cited above have varying spa-
tial and temporal characteristies. During the study effort, the geometry of
altitude deviations was investigated carefully. This exercise served two
purposes: (1) it provided a basis for explicitly defining alternative alti-
tude deviation measures in both the spatial and the time domain, and (2) it
permitted the authors to code the actual flight pattern of each altitude
deviation in terms of a standardized geometric form and to contrast that with

a coded version of the expected flight pattern anticipated by ATC.

The statistical part of this study is directed toward characterizing the
distributional properties of altitude deviations including the form and
parameters of the distributions and their interpretations. Later it will be
evidenced that the altitude deviations reported to ASRS are amenable to study
as exponentially distributed populations. Considerable attention is given to

partitioning the population in a search for statistically distinct subpopula-

tions.
APPROACH
The research approach is detailed in terms of: (1) the geometry of
altitude deviations, (2) the method used to compute the magnitude of devia-

tions, (3) the interpretation of the computed deviations in the spatial
domain, (4) the reinterpretation of the computed deviation in the time
domain, (5) the data content of ASRS altitude deviation reports, and (6) the

variables used to partition the data during the search for subpopulations.

The Flight Pattern Geometry of Altitude Deviations

Definitions. - Altitude deviation flight patterns are the deviating

aircraft’s flight characteristics at two points during the incident. These



two points are called the inception and emergence points. The inception
point is the first in space and time where an altitude deviation can be
observed or predicted with certainty by a knowledgeable observer. Accord-
ingly, the inception point corresponds to the first point at which the air-
craft is either in a deviant state; or, it represents a preceding point at
which the aircraft’s flight dynamics necessitate a subsequent altitude excur-—

sion.

The emergence point is the first point where an aircraft’s actual flight
altitude differs from the level flight altitude expected by ATC. The ATC
expected level flight altitude is based upon ATC’s expectation that an air-
craft which receives an altitude assignment will (1) depart for the assigned
altitude in a timely fashion, (2) ascend or descend to the assigned altitude
at a rate consistent with ATC’s understanding of its performance characteris-
tics, (3) level at its assigned altitude upon reaching it, and (4) maintain

the assigned altitude until cleared or directed to another altitude.

Flight pattern coding scheme. = The altitude deviations investigated

are coded in terms of their flight characteristics at the inception and emer-—

gence points. Specifically, an altitude deviation consists of four phases:

il

Il The flight phase immediately before the inception point
12 = The flight phase immediately after the inception point
El = The flight phase immediately before the emergence point

E2 = The flight phase immediately after the emergence point.

In each flight phase the aircraft would be in one of the following states:

1. Level Flight (L)

2. Ascending Flight (A)

3. Descending Flight (D)

4., Transition to Level Flight (TL)

5. Transition to Ascending Flight (TA)

6. Transition to Descending Flight (TD).



Each aircraft’s flight pattern is coded for the four flight phases using the
following format: 11/12, ELl/E2. The definitions and coding scheme are
illustrated for selected flight patterns in Figure 1 depicting the three

basic altitude deviation flight patterns:

1. Failures-to-level at assigned altitudes including all
flight patterns where the aircraft reaches its assigned
altitude and flies through it without levelling

2. Failures—-to-maintain assigned altitudes including all
flight patterns where the aircraft departs or drifts from
an assigned altitude where it had been flying level

3. Failures-to-attain assigned altitudes including all cases
where the deviating aircraft fails to reach its assigned
altitude in a timely fashion.

Variations on these fight patterns are possible, but the categories are mutu-
ally exclusive and exhaustive. FEach deviation can be placed in one, but only

one, of these categories.

Associated with each illustration in Figure 1 are the codes correspond-
ing to the actual aircraft flight pattern and the ATC expected flight pat-
tern. Together they provide a standardized geometric description of the

altitude deviation.

Figure la shows an ascending failure-to-level that 1is designated A/A,
A/A. This 1is interpreted as when an ascending aircraft approaches its
assigned altitude and should have commenced levelling no 1later than the
deviation’s inception point, but instead, it coatinues to ascend. This is
denoted as A/A. At this point the pilot-not-flying or other observer could
have predicted the subsequent deviation if they were watching. As the air-
craft reached its assigned altitude it was still ascending and continued to
ascend thereafter. The deviation emerges at this point. This is also coded
A/A. The total flight pattern then becomes A/A, A/A. By contrast, the
flight pattern expected by ATC is: A/TL, TL/L denoting ascent followed by

transition to level flight at the assigned altitude.

A failure-to-maintain deviation with a flight pattern code L/TD, L/TD is

shown in Figure 1lb. This incident might involve a level flying aircraft that
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mistakes another aircraft’s clearance as its own and descends without author-
ization. This deviation would be identifiable at the beginning of the excur-
sion but not before. Thus, the inception and emergence points of this and
all failures-to—maintain are simultaneous. The flight pattern denoting this
repeats itself: L/TD, L/TD. The ATC expected flight path for this incident

is L/L, L/L requiring the maintenance of level flight.

A failure-to-attain incident of the L/L, D/D variety is depicted in Fig-
ure lc. Such an incident involves an aircraft that belatedly descends to
meet a crossing restriction. The inception point is the last point where the
aircraft could have departed from the higher altitude and still met the
crossing restriction. In this incident the aircraft remains level after the
inception point, making the deviation inevitable and predictable. This is
coded L/L. Assuming that the failure is detected and the aircraft makes a
belated descent before the crossing restriction is encountered, the aircraft
would descend at the emergence point -- in fact, the crossing point. This is
coded D/D and the entire code then becomes L/L, D/D. The contrasting ATC
expected flight pattern is L/TD, TL/L denoting level flight with transition
to descent at the inception point followed by transition to level flight

before the crossing point with level flight thereafter.

Every altitude deviation in the database has a detection point subse-
quent to the inception point. Further, the detection point usually but not
always follows the emergence of the deviation. (Some of the failure-to-attain
incidents involving crossing restrictions have detection points preceding the

emergence of the deviation.)

The flight state at the detection point is generally the same as the
deviating aircraft’s flight state immediately following the emergence point.
However, this is not true for a few incidents. These incidents involve air-
craft flying through or departing from an assigned altitude and levelling
afterwards at an unassigned altitude where they fly for some time before the

deviation is detected.



Computing the Deviation

The ASRS narratives in this study generally mention two altitudes: (1)
the ATC assigned altitude, and (2) a different altitude where the aircraft
actually flew. Most frequently the second altitude is the aircraft’s alti-
tude at the time the deviation was detected. 1In a few reports it is the max-
imum excursion point of the aircraft or some other altitude at which the air-

craft flew subsequent to the deviation’s inception.

In this study the magnitude of each altitude deviation 1is computed as
the absolute value of the difference between the ATC assigned altitude and a
different, actual flight altitude. Deviations measured in this manner are

amenable to analysis and yield statistically meaningful results.

The magnitudes of the deviations in 502 out of 805 incidents in the
database are measured in this way. Twenty-nine reports are excluded because
of unresolvable conflicts within the narratives as to the actual deviations.
An additional six reported deviations are excluded as outliers whose magni-
tudes far exceeded these of other reports. These are discussed more
thoroughly later. Deviation distances are not computed for the remaining 268
reports for one or more reasons: (1) the incident is not clearly identifi-
able as an altitude deviation, (2) the data are insufficient to compute a
deviation, or (3) the report describes an incident already in the database.
The last occurs when two or more individuals independently report the same

incident to ASRS.

Interpretation in the spatial domain. - The deviations computed in this

study generally describe the vertical altitude differential between the ATC
assigned altitude and the actual flight altitude at the detection point.
Accordingly, the computed deviation can usually be regarded as a lower bound
measure of the maximum excursion distance during the deviation. This concept
is made clear in Figure 2 using a failure-to-level incident to illustrate the
computed deviation measurement and its relationship to the maximum altitude

excursion distance.



Reinterpretation in the time domain. - It is possible to reinterpret

the computed deviations in the time domain using the computed deviation dis-
tance as a proxy for the deviation time. This is reasonable because there is
a rough proportionality between the time that elapses during an altitude
deviation incident and the distance which the aircraft covers during the

incident.

In the time domain, an interesting measure is the time elapsed between
the inception of an incident and its detection. The computed deviation dis-
tance can be used to develop a lower bound approximation of this detection
time. Specifically, if one knows the average vertical speed of the aircraft
during the deviation, it is possible to calculate the time elapsed between
the emergence of a deviation and its detection. This is a lower-bound esti-
mate for the time that elapsed between the deviation’s inception and detec-
tion. This latter quantity is meaningful because the inception point is the
first point where the deviation is capable of detection. These concepts are
illustrated in Figure 3 by reinterpreting a computed deviation distance for a

failure-to-level incident in the time domain.

Data Content of Narratives

The narrative portion of each ASRS report was examined to extract quan-
titative information about the magnitude of the altitude deviation, and to
classify the report according to the flight patterns just described. Example
narratives are given in Table l. The first three narratives are based on
pilot reports; the last two narratives were submitted by controllers. Under-
scoring indicates the altitude information used to compute the altitude devi-

ation.

The failure-to-level narrative shows that the difference between the
flight altitude and the assigned altitude is 1000 ft. This altitude devia-
tion is judged to underestimate the maximum excursion distance. Similarly,
an altitude deviation of 1200 ft is obtained for the failure-to-maintain
example. This deviation is also judged to be an underestimate of the maximum
altitude deviation. In the third example, a failure-to-attain incident

report provides data used to compute an altitude deviation of 2000 ft. This
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TABLE 1. EXAMPLE NARRATIVES FROM ASRS REPORTS
INVOLVING ALTITUDE DEVIATIONS

Accession

Number

Narrative

(a) Example of a Failure-to-Level Narrative

15528

NARRATIVE: While climbing to FL190, reassigned to FL250. Requested FL270 at which
time the altitude alert was inadvertently set to FL270. The person flying thought
FL270 was assigned. As FL260 was reached Center asked altitude. They were told
and then replied FL250 was assigned. We descended back to FL250. The situation
occurred because of a misunderstanding between crew members and Center. However
the crews using altitude alert systems get programmed to listen for the aural warn-
ing and have a tendency to not pay close attention to altitudes.

(b) Example of Failure-to-Maintain Assigned Altitude

10529

NARRATIVE: Received a call from Center advising that our 9000 ft FL would not be
sufficient after AVE, which we were aware of. They asked if we would like 11000 or
13000. We acknowledged we would take 11000. Ctr in turn said, I believe, ACFT ABC
cleared to 11000. We in turn replied, ACFT ABC is out of 9000 for 11000. Another
aircraft, ACFT CBA, at the same time received a climb to 13000. When I was at 10200
Ctr called and asked 1f 1 was climbing. I replied I was aud Center said that he had
not given me climb clearance. 1 replied that I thought I had received it and that I
had replied at least twice to him that I was climbing. I even discussed the sit-
uation with my co-pilot and we were in agreement. Ctr did say there was no problem
caused and that wve could continue to 11000. Possibly the nearness of these two
numbers caused either myself or Ctr some confusion. 1 personally will be more dili-
gent myself in the future.

(¢) Example of Failure-to-Attain Assigned Altitude

13727

NARRATIVE: The 8000 ft crossing altitude at Falon was moderately missed. ATC told
us about it and we descended to 8000. (There was no problem with other traffic or
anything else. We had stayed at 10,000 ft, 250K from FTZ). The main reason for the
missed altitude is that I overlooked the 8000 ft requirement when I initially looked
at the descent profile chart. Then I had that part of the chart covered with a
piece of scrap paper to copy frequencies and failed to look again. The co-pilot was
flying and had flown the route all month. However, during the course of the descent
we had been vectored off route thus canceling the profile descent and recleared to
maintaia 12,000 versus 10,000. Then had been cleared via profile descent route to
12R. This meant to me via FTZ to Falon but not below 12,000. I later questioned
approach control on this and they cleared us via profile descent to 12R. Some dis-
cussion arose in the cockpit concerning the legality of all this being recleared,
etc. and as a result the co-pilor forgat to descend to cross Falon at 8000. To me
these profile descents are full of traps like this and I would much prefer not to
have then,

(d) Evample Narrative with Insufficient Altitude Information

15386

NARRATIVE: On 7/79 Wed. I was the radar controller on HCH MT JAKEQS, and F4 ACFT

A based at MEI was cleared by BHM APCH for entry IR069. At the completion of his
route JAKEOS reported to me for clearance back to MEI. JAKEOS stated that he was
at the HCH340 008 at 2500 MSL, coatrary to his altitude profile and infringing on
IFR approaches to CSV. The pilot was unaware of his required altitude restrictions.
This is the third such operation I have been involved in since IR069 has been de-
signed, all involving the same pilot deviatioa.

{e) Narrative not Classifiable by Flight Pactern

151391

NARRATIVE: ACFT A was cleared to the Budat intersection to hold at 5000 fr. ACFT B
was cleared to the Austin 21 DME on the 230 degree radial to hold at 1000. This was
done at approximately (a given time). Shortly thereatter A asked if there was a
twin type ACFT holding in his area. [ told A that there was but thdt he was at JO0O
fr. A then informed me that he was at 3000 fr.

11




altitude deviation is judged to be a wmaximum altitude excursion. In the
fourth narrative, the flight altitude is 2500 MSL, but, the assigned altitude
is not reported. This narrative is an example of the altitude deviation

reports for which the magnitude of the deviation could not be computed.

The first example in Table 1 involves an aircraft that was 2000 ft below
its assigned altitude, so the altitude deviation is taken to be minus 2000
ft. However, there is insufficient information in the report to classify it
as one of the flight pattern categories. The report exemplifies 122 of the
502 reports that provide information on altitude deviations but cannot be

further classified according to flight pattern.

In summary, the approach used in this study involves examining 805 nar-
ratives to identify 502 reports containing altitude deviation information.
This group of 502 deviations is studied to determine its statistical proper-
ties. The group is then partitioned into a variety of subgroups to determine
whether the statistical properties of the altitude deviations differ markedly

from one subgroup to another.
Partitioning the Population

During the study effort, the authors considered the possibility that the
502 reports contained in the database could be partitioned into subpopula-
tions that differed statistically as to either their distributional forms or
parameters. One obvious partition is by flight pattern: failures-to-level,
versus failures—-to-maintain, versus failures-to-attain, versus wunclassifi-

able. Other partitions investigated include:

e Pilot versus controller versus pilot and controller
reports*

e Military aircraft involvement versus no military involve-
ment

e Conflict, evasive action taken or no time versus con-
flict, no known evasive action taken versus no conflict
requiring evasive action.

*Incidents where a pilot and a controller independently report the same in-
cident.

12



Findings are presented in this study in terms of the above partitions and for

the population as a whole.

RESULTS

Distribution of Altitude Deviations

Signs of deviations. - An altitude deviation is taken to be negative

when the aircraft is flown below the assigned altitude; positive when the
aircraft is flown above the assigned altitude. Among the 502 altitude devia-
tions, 261 (52 percent) are positive; 241 (48 percent) are negative.
Although more positive than negative deviations are reported, the difference
can be attributed to chance. Thus, it is concluded that positive and nega-

tive altitude deviations occur with approximately equal frequencies.

Moreover, a graphical examination shows that the magnitudes of the posi-
tive and negative deviations are generally symmetric about the origin. Based
on these findings, subsequent examinations of altitude deviations are made

without regard to sign.

OQutlying altitude deviations. — All but six altitude deviations lie in

the range from 100 to 6000 ft. The six exceptionally large altitude devia-
tions are listed in Table 2. Because of the sensitivity of statistical cal-

culations to such outliers, these six are excluded from subsequent analyses.

Although the basis for excluding the outliers 1is computational, there
are additional grounds for segregating them from the other altitude deviation
reports. Four of the six (1, 4, 5, and 6) involve deviations where the final
magnitude of the excursion greatly exceeded its magnitude at the point of
detection. The deviations became larger because of mechanical malfunctions
impeding the reassertion of control or because of the pilot’s decision to
deviate from ATC directives. By contrast, most of the 502 computed devia-
tions measure the magnitude of the deviation as the difference between the
assigned altitude and the flight altitude at -- not after -— the detection

time.

13
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Exponential distribution of the altitude deviations. - The lower por-

tion of Figure 4 is a histogram of the 502 altitude deviations that range
from 100 to 6000 ft. The histogram shows sharp peaks at integer multiples of
1000 ft. Secondary peaks are shown at 500, 1500, and 2500 ft. The smooth
curve fitted to the data represents an exponential distribution with a mean

altitude deviation of 1080 ft.

The fitted exponential distribution provides estimates of the expected
number of reports at each altritude deviation. With this interpretation, more
reports than expected are shown at multiples of 1000 ft, and fewer reports
than expected are shown at most deviations measured in hundreds of feet.
These discrepancies are not due to rounding. This finding is discussed 1in

more detail later in this section and in Appendix A to this report.

The upper portion of Figure 4 shows a linearizing transformation for the
cunulative form of the fitted exponential distribution. The data points are
grouped into relatively disconnected sets corresponding to the 1000-ft inter-
vals. The sharp discontinuities at the 1000-ft intervals reflect the concen-
trations of data at these points. If the data were perfectly exponentially
distributed, the data points would fall exactly on the fitted straight line
shown in the figure. This is shown in the mathematical derivations in Appen-
dix C. To the extent permitted by the discontinuities at the 1000-ft inter-
vals, the fitted straight line provideé a good fit to the data. It is con-
cluded that the set of 502 altitude deviations is well-approximated by an

exponential distribution.
Analysis of Subgroups

To obtain a more detailed understanding of the database it was repeat-
edly partitioned into subgroups, separately analyzed, and compared. Atten-
tion focused on determining whether (1) the means of the subpopulation dis-
tributions were similar, and (2) the individual subgroups were exponentially

distributed, like the overall population.

The population was partitioned into the following sub-
groups:
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e Failures—to-level versus failures-to-maintain versus
failures—-to-attain versus unclassifiable flight pat-
terns.

e Pilot versus controller versus pilot and controller
reports.

e Military aircraft involvement versus no military air-
craft involvement.

e Conflict, evasive action taken or no time versus con-
filict, no known evasive action taken versus no con-—
flict requiring evasive action.

Exponential distributions fitted to subgroups. - Figure 5 shows plots

of linearized cumulative exponential distributions fitted to 12 of the sub-
groups associated with the various partitionings. If the altitude devia-
tions for each subgroup had a perfect exponential distribution, the data
for each subgroup would lie along a straight line passing through the ori-
gin. Except for the perturbations due to the concentrations of the data at
1000 ft intervals, it is seen that the fitted straight lines well represent
the data in each of the subgroups. These plots show that exponential dis-
tributions provide excellent descriptions of the altitude deviations for

each subgroup.

As shown in Appendix C, one estimate of the mean altitude deviation
for each subgroup 1is given by the réciprocal of the slope of the fitted
regression line that is constrained to pass through the origin. The numer-
ical values of these estimated means are shown in Table 3, and discussed

later in this section.

Because of the markedly different types of groups represented by these
plots, it is concluded that the exponential distribution provides a
“robust" representation of altitude deviations. Many meaningful subgroups
of the original data, including partitionings not reported here, such as
low versus high altitude, and integer multiples of 1000 ft versus
noninteger multiples of 1000 ft, were found to be well represented by

exponential distributions.
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Means of subgroup distributions. - Table 3 shows the mean values of

the fitted exponential distributions for the various subgroups, with the
corresponding 95 percent confidence intervals for these means. These
values are rounded to the nearest 10 ft. The table shows, for example,
that 251 reports involve failures-to-level. The mean altitude deviation
for this group is approximately 770 ft. With a confidence of 95 percent,
the true mean for failures—-to-level lies between 680 and 870 ft. The mean
values for flight pattern subgroups range between 770 ft (failures-to-
level), to 1960 ft (failures-to-attain). Appendix B discusses these find-

ings for flight pattern subgroups in detail.

Figure 6 shows graphical representations of the mean altitude devia-
tions and associated 95 percent confidence intervals for the subgroups
jdentified in Table 3. A rough graphical test for the statistical
equivalence among the means is obtained by noting whether or not the confi-
dence limits share common values. For example, a horizontal 1line can
intersect the vertical bars for the failures~to-maintain and the failures-
to-attain. Based on this test, it is concluded that the mean altitude
deviations for these two subgroups do not differ statistically. 1In coun-
trast, no horizontal line can intersect the vertical bars associated with
the failure-to-level and failure-to-maintain subgroups. Consequently,
these means are judged to differ by a statistically significant amount.
This examination shows that the mean of the failure-to-level subgroup is
statistically smaller than the means of both the failure-to-maintain and

failure—-to-attain subgroups.

Although Table 3 and Figure 6 show that the 95 percent confidence
intervals for the pilot and controller reports overlap by a small amount,
the more exact statistical tests given in Appendix C show that these mean
altitude deviations differ statistically at the 5 percent level of signifi-
cance. Thus, the data indicate that the mean altitude deviation reported
by pilots 1is statistically smaller than that reported by controllers; the

difference is not attributed to chance.

Both the graphical and numerical tests indicate that no statistical

significance can be assigned to the difference between the mean altitude
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TABLE 3.

MEAN ALTITUDE DEVIATIONS OF SUBGROUPS

Subgroup

Number
of Reports

Altitude Deviation, feet
95 Percent
Mean(a) Confidence Interval(b)

Partitioned by Flight Pattern

Failure—-to-Level 251 770 ( 680, 870)
Failure-to-Maintain 97 1240 (1000, 1500)
Failure-to-Attain 32 1960 (1340, 2690)
Unclassifiable 122 1230 (1020, 1450)
Partitioned by Reporter
Pilot 297 970 ( 870, 1090)
Controller 190 1250 (1080, 1440)
Pilot and Controller 15 1030 ( 560, 1590)
Partitioned by Military Aircraft Involvement
No Involvement 437 1080 ( 980, 1190)
Involvement 65 1120 ( 860, 1460)
Partitioned by Conflict/Evasive Response
Evasive Action or
No Time 111 1200 { 980, 1420)
No Known Action
Taken 63 1160 ( 880, 1470)
No Conflict 328 990 { 880, 1100)
Combined Data Set
502 1080 ( 980, 1180)

(a) Mean values are estimated using the reciprocals of the slopes of the
regression lines fitted to the linearized cumulative exponential distri-

bution and constrained to pass through the origin (See Appendix C).

(b) These confidence intervals are based on a large sample approximation

to the Chi Square distribution (See Appendix C).
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deviations associated with the involvement, or noninvolvement, of military
aircraft in the deviation incident. The calculations given in Appendix C
indicate that the mean altitude deviations for reports involving evasive
actions show borderline difference from those where no conflicts among air-

craft were reported.

Concentrations of Computed Deviations At
Multiples of 1,000 Feet

Altitude assignments are usually given in multiples of 1000 or 2000
fe. These are termed cardinal altitudes. By contrast, the flight alti-
tudes of aircraft can be reported in units of 100 ft, and they often are in
ASRS narratives. Altitude deviations are computed as the difference
between a flight altitude and an assigned altitude, resulting in a measure

expressed in units of 100 ft.

As noted earlier, the data show marked concentrations at values that
are multiples of 1000 ft (cardinal values). This is illustrated in the
histogram in Figure 4. It is an unanticipated finding. To determine the
reasons for these concentrations at cardinal altitudes, incident reports
with cardinal valued deviations were reviewed with four alternative expla-
nations in mind: (1) the reporter rounded the actual flight altitude to the
nearest cardinal altitude causing a cardinal valued deviation to be com-
puted, (2) the aircraft was flying level at an unassigned cardinal alti-
tude, (3) the aircraft came in conflict with another aircraft at a cardinal
altitude (reported as the deviating aircraft’s flight altitude), or (4) the
aircraft reported leaving from or arriving at an unassigned cardinal alti-

tude to a controller who then recognized the deviation.

The review of incidents with cardinal valued deviations reveals the
following. Two hundred of 502 incidents have cardinal valued deviations.
Assuming that the underlying distribution is exponential, only 30 cardinal
observations would be expected. Twenty-six of the incidents have language
suggesting the reporter rounded the flight altitude to a cardinal value.
Eighty-eight incidents involve aircraft flying level at unassigned alti-

tudes. In 25 incidents, cases the deviating aircraft came into conflict



with another aircraft at the second aircraft’s assigned cardinal altitude.
In two cases, the pilot reported leaving from, or arriving at, an

unassigned altitude. Fifty-nine cases were unexplained.

Thus, the majority of the cardinal valued deviations reported result
from aircraft flying level at unassigned cardinal altitudes or coming into
conflict with other aircraft at unassigned cardinal altitudes. Less than
20 percent of the observations are clearly attributable to the rounding of

flight altitudes to the nearest 1000-ft cardinal altitude by the report.

Some Noncorrelations

A number of scatterplots were generated in order to determine whether
certain variables are correlated with the magnitudes of altitude devia-
tions. For example, for each aircraft the magnitude of the altitude devia-
tion was plotted against the assigned altitude. This was done to determine
whether large altitude deviations tend to occur at high altitudes, with
small deviations occurring at low altitudes. No correlation is found; the
R-squared value is 0.005. [A perfect correlation would be represented by

an R-squared value of 1.0 on a scale of 0 to 1.]

A scatterplot was also generated for the evasive action reports.
Here, the reported horizontal and vertical miss distances were first con-
verted to a single line-of-sight miss distance. This distance was then
plotted against the magnitude of the altitude deviation to determine
whether, for example, small miss distances might tend to occur when alti-
tude deviations were large. Again, no correlation is found. The R-squared

value is 0.007.

DISCUSSION

Figures 2 and 4 show that the magnitudes of reported altitude devia-
tions are well represented by exponential distributions, even over dif-
ferent subgroups defined by flight pattern, by reporter, and by conflict
incidents involving different kinds of evasive action. It was not antici-

pated that any single distribution would provide such an excellent fit to



the data. The mix of flight patterns, the lower-bound interpretation of
the computed altitude deviation, the possible nonreporting of small devia-
tions, and the uncertain effects of rounding all contribute to the expecta-
tion that considerable "scatter" and ‘''moise" would obscure the data
interpretation. Because this did not happen, several questions arise. Why
are reported altitude deviations exponentially distributed? Are there pro-
perties of such altitude deviations that would necessarily yield exponen-
tial distributions? Are there unifying reasons why the various subgroups

yield distributions of identical form?

In the discussion that follows, arguments are given to support an
interpretation of altitude deviations in terms of time. To do this, note
that, at a constant rate of climb or descent, the magnitude of an altitude
deviation 1is directly proportional to the time that it remains undetected
after its inception point. Less precisely, on the average, large altitude
deviations exist a long time before detection. This idea is developed in
more detail in the following paragraphs. The resulting arguments are
intended to explain the exponential form of the distribution of altitude
deviations, and to suggest that similar results may also hold for certain

other types of aviation safety related occurrences.

To the extent that the observed distributions represent times-to-
detect, they are best understood as the times for humans to detect devia-
tions. The standard mechanical controls on altitude deviations, autopilots
and altitude alert mechanisms, will generally restrain deviations to 300 ft
or less. The preponderance of observations in the database exceed that
figure. They represent a class of control anomalies where mechanical con-
trol devices failed, were overridden, or otherwise proved ineffective. It
was the human controllers —-- pilots, crews, and air traffic controllers —-

who detected the problem.
The Exponential Distribution
The exponential distribution has many applications in physics and
reliability engineering. In engineering, it is frequently used to describe

various time intervals such as time-to-failure or mean-time-between-—
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failures. 1In short, exponential distributions frequently arise in problems
where time intervals are random variables. The exponential distribution is
one of the few continuous distributions that has only one parameter. This
parameter can be interpreted as the mean, or as the standard deviation, of
the distribution. Because the distribution has only one parameter, it is
not particularly flexible in fitting data. For this reason, together with
those cited earlier, the exponential distribution was not expected to fit

the distribution of altitude deviations.

At Constant Rates of Climb and Descent, The
Times to Detect Altitude Deviations
Are Exponentially Distributed

In Appendix C it is shown that if the altitude deviation, Ah, is
exponentially distributed, and if Ah is divided by a constant reference
rate of climb or descent, ﬁ, then the result, Ah/ﬁ, will also be exponen-—
tially distributed. The ratio Ah/% has units of time, and is directly
interpretable as the time required to climb or descend a vertical distance,
Ah, starting at time O, with a constant rate of climb or descent equal to
ﬁ. If the altitude deviation is undetected at time (O, then t= Ah/% also
represents the incremental time taken to detect the existence of the alti-

tude deviation.

Note that the computed altitude deviations gemerally represent lower
bounds to the maximum altitude excursions. Approximately 65 percent of the
reports yield lower-bound estimates. For a study of the times to detect
altitude deviations, a lower-bound estimate resulting from the use of the
detection point as the flight altitude reference provides nearly the data
desired. It represents the time required to detect the deviation after its
emergence. The altitude deviation associated with the maximum excursion,
when divided by g, yields an estimate of the detection time plus the addi-
tional time required to halt the excursion after detection. The preferred
measure for detection time 1is the altitude deviation measured as the
difference hetween the detection altitude and the inception altitude. How-

ever, this difference could not be inferred from most ASRS narratives.
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Some Numerical Interpretations

The mean altitude deviation for the 502 reports is approximately 1080
fe. Based on a reference rate of climb or descent of 1500 ft/min, typical
for altitud@s approximating 10,000 ft, it follows that the corresponding
mean time to detection is approximately 43 seconds. At altitudes around
15,000 ft, with a reference rate of 600 ft/min for ascent and 3000 ft/min
for descent, the resulting mean times to detection are computed to be 108

seconds and 22 seconds, respectively.

The reference climb and descent rates used in this analysis are
believed to be broadly representative of the range of values encountered in
the aviation environment. However, the correspondence between the arbi-
trarily chosen reference values and empirical average rates is unknown.
Thus, the calculated average times-to-detect should be regarded as 1illus-
trative, with different reference values giving rise to different detection

times, as indicated by the examples.

Symmetrical distributions have cumulative probabilities that are 50
percent below and 50 percent above the mean value of the distribution. In
contrast, the exponential distribution is unsymmetric and has approximately
63 percent of its probability below and 37 percent above the mean value.
For this reason, the mean value of the exponential distribution is some-
times replaced by a measure called the '"half-life". The half-life
represents that value for which the probabilities are divided with 50 per-
cent below and 50 percent above the half-life value. The half-life for the
exponential distribution is given byt 1n 2, or 0.69 T , where T is the mean
of the distribution. Thus, the half-life for the exponential distribution

is approximately 70 percent of the mean value.

A mean altitude deviation of 1080 ft and a reference rate of change of
altitude of 1500 ft/min yields 43 1ln 2 or approximately 30 seconds for the
half-life. That is, for the set of 502 reports, 50 percent of the devia-
tion would be detected before the elapse of 30 seconds and 50 percent would
be detected after the elapse of 30 seconds, provided the reference rate for

change of altitude is assumed to be 1500 ft/uwin.
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1f it is further assumed that the distribution of 502 altitude devia-
tions is representative of all altitude deviationms, an actual altitude
deviation that occurs in the future can be treated as a random drawing from
this population of 502 deviations. On this basis, an altitude deviation
that occurs in the future, at a reference rate of 1500 ft/min, can Dbe
predicted to have a half-life of 30 seconds; that is, there is a 50 percent
probability that the altitude deviation will be detected within 30 seconds.
1f the reference rates are taken to be 3000 ft/min and 600 ft/min, then the
corresponding half-lives are found to be 15 seconds and 75 seconds, respec-

tively.

Mathematical Assumptions That Yield Exponentially
Distributed Detection Times

Suppose, for example, an altitude deviation is undetected at time O,
and the probability it 1is still undetected at a subsequent time t/T is
expressed as Q = 1-(t/ 1), with t denoting the mean time to detection.
Under these familiar and frequently occurring assumptions, the exponential
distribution necessarily follows. The result holds even if the expression
Q = 1-(t/71) is true only in an approximate sense (to within higher powers
of t/1). This argument supports exponential distributions of detection
times and is compelling partly because of the simplicity of the underlying
assumptions. A more detailed mathematical derivation is given in Appendix

C.

Possible Generalizations to Other Aviation Safety Problems

It is possible to regard some of the operational activities of both
pilots and controllers as involving sequences of timely detection and
correction of problems. Some of these problems come into existence but
remain undetected until some later time. 1If the problem remains undetected
for a small time t/t, and if the probability of nondetection can be
expressed as Q = 1-(t/1), then the detection times will be exponentially
distributed. This is a reasonable assumption for those problems that come

into existence and persist until detection as a result of random surveil-
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lance. Such problems would likely include heading errors, communication

errors, chart-reading errors, crew misunderstandings, etc.
Some Statistical Caveats

It should be noted that the graphical procedure used in Figure 3 is an
unsophisticated test of statistical significance. Although the statistical
tests in Appendix C are more refined, there 1is considerable wuncertainty

regarding the best way to estimate the mean values of the approximating

exponential distributions.

The computed arithmetic mean obtained directly from the data does not
provide a suitable estimate of the mean of the best approximating exponen—
tial distribution. Better estimates are obtained by linearizing the cumu-
lative plots and then fitting regression lines that are conétrained to pass
through the origin. The mean is then given by the reciprocal of the slope

of the fitted line.

In the present application, analytical methods for fitting exponential
distributions presuppose that relatively large amounts of data would lie in
the interval between 0 and 100 ft. However, deviations of this amount are
not reported. Thus, the actual data is severely truncated at less than 100
ft, and may well be partially truncated over a range of several hundred

feet.

The problem of truncation must be considered along with the fact that
the data are concentrated at integer multiples of 1000 ft with some round-
ing. These problems complicate the estimation of the mean altitude devia-
tion for any subgroup. Although the slopes and corresponding mean values
are uncertain, the straight lines fitted to the data leave 1little doubt
that exponential distributions describe the altitude deviations for each

subgroup.
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CONCLUSIONS

The conclusions resulting from this study are:

e Deviations from ATC assigned altitudes are equally
likely to be above or below the assigned altitude.

e No correlation exists between the magnitude of an alti-
tude deviation and the assigned altitude. (Large devi-~
ations are not associated with high altitudes.)

e Except for 6 reported deviations in excess of 6000 ft,
altitude deviations are found to be approximately
exponentially distributed with a mean of 1080 ft.

o The altitude deviations show concentrations at integer
multiples of 1000 ft. Less than 20 percent of this
concentration is attributed to rounding. About 80 per-
cent is attributed to deviating aircraft flying level
at unassigned altitudes or coming into conflict with
other aircraft at altitudes to which the deviating air-
craft are not assigned.

e Fvasive actions are 1involved 1in 111 reports. The
evasive actions generally occur as a result of altitude
deviations; not conversely.

e For evasive action reports with miss distances, no
correlation is found between the magnitude of the miss
distance and the magnitude of the altitude deviationms.

e Altitude deviations are exponentially distributed for
various subgroups of the data. The subgroups include
pilot reports, controller reports, incidents involving
military aircraft, incidents involving evasive actions,
and incidents where the pilot failed to 1level, failed
to maintain, or failed to attain the assigned altitude.

The authors conclude that the exponential form of the distribution of
altitude deviations can be supported, and possibly inferred directly, by
interpreting the results for altitude deviatiouns in a time domain. With
this 1interpretation, the exponential distribution represents the distribu-
tion of times to detect altitude deviations, under the assumption that the
rate of climb or descent is approximately constant. With 50 percent proba-
bility, the times to detect an altitude deviation are computed to vary
between 15 and 75 seconds for reference rates of descent or climb of 3000
and 600 ft/min, respectively. At a reference rate of 1500 ft/min, the mean

time to detect an altitude deviation is 43 seconds. This means that the
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probability is approximately 63 percent that a given altitude deviation
will be detected within 43 seconds; the half-life of an altitude deviation

at this rate is computed to be 30 seconds.

It is believed that these detection times should be interpreted as
times for human detection. Altitude alerts, autopilots, and other altitude
warning and controlling devices are generally inoperative, overridden, or
otherwise failed in their control function for most of the altitude devia-

tions in the database.

The conclusions involving detection times are not based on reported or
measured detection times. Instead, the conclusions are derived from a
reinterpretation of the observed exponential distributions based on infor-
mation contained in ASRS reports. The finding that altitude deviations are
exponentially distributed is not readily explainable in the spatial domain.
By contrast, a detection time 1interpretation yields simple, well-known
explanations. Moreover, several related areas of 1inquiry are suggested.
Are the magnitudes of the detection times excessive? 1If so, does this
reflect over reliance on mechanical control devices? What can be done to
reduce the detection times? Is the detection time for an altitude devia-

tion comparable to the half-life of a "typical distraction'?

The general argument for exponentially distributed detection times may
be applicable to a variety of other aviation safety problems. <Candidate
problems include those that come into existence and persist until subse-
quent detection. On this basis, exponential distributions, each with its
own half-life, may describe the distribution of times to detect heading

errors, communication errors, etc.

This study shows that detection times are well-characterized by
exponential distributions in widely differing contexts involving altitude
deviations. The inherent stability of this result suggests that the coon-
cept of detection time may provide a useful way of characterizing certain
problems of aviation safety, and that focusing on the reduction of detec-

tion times may improve aviation safety.
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Despite the nonrandomness of the ASRS database and a host of other
statistical problems, this study also demonstrates the possibility of using
ASRS data to obtain improved quantitative understanding of problems related

to aviation safety.
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APPENDIX A

AN EXAMINATION OF THE CONCENTRATION
OF ALTITUDE DEVIATIONS AT
INTEGER MULTIPLES OF 1000 FEET

INTRODUCTION

The distribution of the 502 computed altitude deviations, grouped at
100-ft intervals, 1is shown in the upper half of Figure A-1. It shows large
concentrations of deviations at integer multiples of 1000 feet. This does
not appear to be a random phenomenon. Rather, it suggests the existence of
an internal structure within the 1000-ft histogram bars shown in the lower

half of Figure a-1.(a)

To understand the significance of the cardinal concentrations, it is
useful to recall the manner in which the magnitudes of altitude deviations
were computed. ASRS reports are free-form narratives. Reporters are not
explicitly asked to provide quantitative information describing the magnitude
of an altitude deviation. Rather, they are asked to volunteer whatever
information they feel is important regarding whatever type of incident they
are reporting. For altitude deviations, reporters wusually provide the
assigned altitude of the deviating aircraft and its flight altitude at some
point during the excursion -- frequently not the maximum excursion point.
Using these data it 1is possible to calculate a lower bound measure of the
magnitude of the altitude deviation. It is shown that the type of flight
altitude data provided by the narratives tends to promote the calculation of

cardinal altitude deviations.

(a)To simplify exposition, the term "deviation" is used to denote the abso-
lute value of the magnitude of an altitude deviation measured in feet, and
the adjective '"cardinal” denotes a measure stated as an integer multiple of
1000 feet, as in cardinal value or cardinal observation.
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Magnitude of the Concentratiouns

Before discussing the causes of the cardinal concentrations, it is
desirable to quantify, in some reasonably precise fashion, the magnitude of
the disparity between (1) the observed number of cardinal observations, and

(2) the statistically expected number of such observations.

Statistically expected observations. = The calculation of the statisti-

cally expected number of cardinal observations is based on the premise that
the observed distribution is exponential. As the main text indicates, there
is a sound basis for this premise and none of the statistical tests performed

on the data serve to reject it.

The population of 502 cases can be approximated by a geometric distribu-

tion of the following form: ()
(0.1)(0.9)d"1 4 =1, 2,...

where d = 1 for 100 feet, d = 2 for 200 feet, etc.

As shown in the two parts of Figure A-1, the observed distribution 1is
comprised of 60 100-ft intervals that can be aggregated into 6 1000-ft inter-
vals; these 6 can then be superimposed. The resulting distribution groups
deviations with the values 100, 1100, 2100, 3100, 4100, and 5100, for exam-
ple, in one group; 200, 2200 ..., 5200 in another; and so on. The first
group includes all reports with 1000, 2000, ..., 6000-ft deviations. 1t is
easily calculated that approximately 5.9 percent of all reports would be
expected to fall in the first (cardinal) group if the underlying distribution
is geometric using 100-ft intervals. The expected values for the other
intervals can be calculated as well. If the distribution is not geometric at
this level of disaggregation, significant differences will exist between the
expected and observed number of reports in two or more of the superimposed

100-ft groups.

(a)This formula is an approximate geometric representation, at 100-ft inter-
vals, of an exponential distribution having a mean altitude deviation of 1000
feet which Is the approximate mean of the overall distribution. See Appendix
C for exact representation.
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Observed versus expected numbers of reports. - The expected number of

reports in each of the superimposed 100-ft intervals is shown in Table A-1.
Also presented are the observed number of reports in these intervals and the

difference between expected and observed values.

TABLE A-1. OBSERVED VERSUS EXPECTED NUMBERS OR REPORTS
IN SUPERIMPOSED 100-FT INTERVALS

Difference ]
Between
Expected Expected Actual Observed
100-Ft Percentage of Number of Number of and Expected
Interval Reports Reports(a) Reports Numbers
000 5.9 30 200 +170
100 15.4 77 9 -67
200 13.8 69 23 46
300 12.4 62 29 -33
400 11.2 56 43 -13
500 10.1 51 77 +26
600 9.1 46 36 -10
700 8.2 41 39 -2
800 7.4 37 26 ~11
900 6.6 33 20 -13
Total 100.1 502 502 1(b)

(2)The expected number is based on a population of 502 observations and an
assumed underlying geometric distribution of the form (0.1) (0.9) d-1,

(b)cumulative rounding error; corrected value would be zero.

Table A-1 indicates that there are approximately 6 times more observa-
tions than expected at cardinal values and 51 percent more observations than
expected at the 500-ft values. The overall pattern in the data 1is depicted
in Figure A-2 showing the percent differentials for each class interval of
100 feet. The interval distribution of observations within the 1000-ft his-
togram bars is a W-shaped structure that does not appear to be randomly gen-

erated.
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The W-shaped structure suggests that reporters may be rounding flight
altitudes to either a value of 500 or 1000. But, there are a number of pos-
sible explanations other than rounding for the reported concentrations.

These are discussed next.

Candidate Explanations

Rounded. - As noted earlier, the concentrations of computed altitude
deviations at cardinal values may manifest "rounding"” on the part of the
reporter. In this context, the term denotes (1) recollecting the magnitude
of the deviation at only the 500 or 1000-ft level of precision, or (2) a
decision to report the deviation at a level of precision no greater than 500
or 1000 feet even though a more precise value was known, or (3) an inability
to report the magnitude of the deviation with greater precision perhaps

because of the manner in which instruments were scanned during the deviation.

This particular usage of the term '"rounding" is broader than generally
used and does not imply an indifference to precision on the part of report-

ers.

Substantive. - It may be that the observed cardinal concentrations do

not result from rounding; rather, they may manifest some substantive mechan-
ism that either places a disproportionate number of deviating aircraft at

cardinal altitudes or causes them to be detected there.

For example, the aircrew of a nondeviating aircraft may detect an excur-
sion as a deviating aircraft passes through its altitude. The natural refer-
ence point for the flight altitude of the deviating aircraft is the assigned

altitude of the nondeviating aircraft.

Many pilots follow this communications protocol: they radio arrival at,
departure from, or approach to, their assigned altitude. If the pilot had a
mistaken understanding of his clearance, his mistake might be detected by the
controller when the pilot reports leaving or approaching the cardinal alti-
tude. Still another possibility is that the deviating aircraft was actually

maintaining level flight at an unassigned altitude perhaps because of confu-
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sion regarding the altitude clearance. Such deviations would typically be

detected at a cardinal altitude.

The term "substantive' is used to describe this group of explanations
because they are not mere artifacts of the reporting system. They are sub-
stantive eveunts generally involving deviating aircraft that flew level at
unassigned cardinal altitudes. Such deviations increase the likelihood of

midair collisions, and are therefore particularly serious occurrences.

RESEARCH APPROACH

Each of the 200 reports with cardinal deviations was re-examined in an
attempt to establish the reasons for the large cardinal councentrations and
for the W-shaped structure within the 1000-ft histogram bars. The analysis
was performed with particular reference to the candidate explanations cited
above. For most reports, an explanation for the deviation’s cardinality was

established. These findings are presented next.

FINDINGS

Findings from the review of cardinal deviation reports are shown in
Table A-2. Observations are classified in Table A-2 in terms of the candi-
date explanations. It can be seen that each of the candidate explanations
has some merit. But, the single most important reason for the large number
of cardinal observations was the maintenance of level flight by a deviating
aircraft at a cardinal flight altitude. (In a few instances the deviation

was detected just as the aircraft leveled off.)

Of the 200 cardinal deviations, 38 are unexplained in the sense that

neither the narratives nor statistical inference could be used to account for

43



TABLE A-2. REASONS FOR CARDINAL ALTITUDE DEVIATIONS

Reason Reports
Rounded
— Used language which suggested rounding(a) 26
Substantive

- Reported flight altitude of deviating aircraft
as assigned altitude of a second conflicting
aircraft 25

- Flying level or leveling at an unassigned altitude 88

— Pilot reported leaving from or arriving at an

unassigned cardinal altitude to controller 2
Unexplained(b) 59
Total 200
Expected (29.6)

(a)Terms used by the reporter, such as "about", "approximately", "near", were
interpreted as rounding terminology.

(b)some of the reports in this category might have been classified as "round-
ed" or "substantive' if the narratives had been more complete.

their cardinality.(a) This does not mean that these reports, which comprise
19 percent of all cardinal observations, are necessarily different from the
rest. This may be so, but an alternative explanation is they could have been
placed in one of the other two categories (rounded, substantive) if the nar-

ratives had been more complete.

(a)There are 59 observations which are unexplained by the narrative. of
these, 21 were statistically expected to be cardinal. Thus, 38 are complete-
ly unaccounted for.
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DISCUSSION

Rounding is a significant cause of the concentration of deviations at
cardinal wvalues (although it is not the most prominent reason). Twenty-six
of the cardinal values are clearly attributable to rounding. It is also pos-—
sible that the W-shaped internal distribution of the 1000-ft histogram
columns and the limited concentration of reports at the 500-ft marks are at
least partially attributable to rounding. If this is true, deviations were
rounded to both the 500-ft and 1000-ft marks creating deficits in the remain-
ing 100-ft categories, thus explaining the W-shaped internal distribution

within the 1000-ft histogram bars.

It is important that in 88 out of 200 reports, the deviating aircraft
was flying 1level at an unassigned cardinal altitude. In some, the aircraft
failed to depart from a previously assigned altitude for a new one. In oth-
ers, the aircraft leveled prematurely, or leveled at an altitude beyond the
one to which it had been assigned. This phenomenon is related to misset or
misread altimeters, misunderstood altitude clearance, and to aircrews mistak-

ing other aircrafts’ clearances for their own.

In another 25 reports, the deviating aircraft came into conflict with a
second nondeviating aircraft, and the size of the deviation was measured as

the difference between the assigned altitudes of the two aircraft.

Obviously, the substantive cardinal observations -- aircraft conflict
reports and those involving level, deviating aircraft at cardinal altitudes
-- represent particularly hazardous altitude deviation incidents. They con-
stitute a significant portion, 23 percent, of the total population of 502

reports.
CONCLUSIONS

Approximately 58 percent of the reported cardinal deviations are
directly attributed to aircraft flying level, or leveling at an unassigned

altitude, or flying through an altitude assigned to another aircraft.
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Approximately 13 percent of the reported cardinal deviations are directly
attributed to rounding. The remaining 29 percent are associated with reports
that cannot be classified because of insufficient information. If these
reports are allocated in proportion to the reported occurrences, approxi-
mately 20 percent of the cardinal deviations would be attributed to rounding,
and approximately 80 percent of the cardinal deviations would be attributed
to aircraft flying at unassigned cardinal altitudes or flying through cardi-

nal altitudes assigned to other aircraft.
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APPENDIX B

ANALYSIS OF ALTITUDE DEVIATIONS
BY FLIGHT PATTERN

INTRODUCTION

To obtain a better understanding of the mechanics of altitude deviations
and their underlying causes, the reported deviations were sorted into groups
having similar flight patterns before, during and after the commencement of
altitude excursion. The resulting subpopulations were subjected to a series
of analyses in a search for both differences and commonality among the

groups.

The main text describes the basic flight patterns and the manner in

which they are coded. This appendix expands upon that material.

Many different flight patterns can be defined in terms of the 6 flight
phase states. However, only 10 distinct and complete flight patterns were
actually observed in the data. Those flight patterns are itemized in Table
B-1. Also 1indicated are the numbep of times each flight pattern was
observed. 1In 128 reports, data describing the deviating aircraft’s flight

pattern were partially absent and they could not be categorized.
Expected Differences Among Flight Pattern Groups

The population of altitude deviation incidents was divided into subpopu-
lations because it was expected that there might be significant differences
among the groups regarding: (1) the cause of the incident, (2) the probable
magnitude of the deviations, (3) the manner in which the incident was
resolved, or (4) the probable outcomes of the incident. A preliminary review
of the data supported the possibility that there might be differences among
the causes of the incidents based on flight pattern characteristics, and that

significant differences in the other areas might also exist.
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TABLE B-1.

BY FLIGHT PATTERN

DISTRIBUTION OF REPORTS(3)

Flight Pattern

Actual Expected Number Percent

Failure-To-Level A/A, A/A A/TL, TL/L 135 26.9
D/b, D/D p/TL, TL/L 116 23.1

Subtotal 251 50.0

Failure-To-Maintain | M/TA, M/TA L/L, L/L 31 6.2
M/TD, M/TD L/L, L/L 66 13.1

Subtotal 97 19.3

Failure-To-Attain L/L, L/L L/Tb, TL/L 6 1.2
L/L, D/D L/TDb, TL/L S 1.0

/% D/D L/TD, TL/L 3 0.6

%/2  L/L L/TD, TL/L 1 0.2

L/L, ** L/TD, TL/L 1 0.2

L/TD, D/D L/Th, TL/L 2 0.4

D/TL, L/L D/D, TL/L 2 0.4

L/L, L/L L/TA, TL/L 1 0.2

L/*, */% L/TA, TL/L 1 0.2

A/TL, L/L A/A, TL/L 5 1.0

A/TL, */* A/A, TL/L 1 0.2

A/A, A/A A/TD, TL/L 1 0.2

D/TA, L/L D/D, TL/L 2 0.4

KA, K% */TD, TL/L 1 0.2

Subtotal 32 6.4

Unclassifiable(b) - - - - 122 24.3
TOTAL 502 100.0

(a) Asterisks denote an unknown flight phase.

(b) These reports could not be classified into the three primary flight pat-

terns for lack of data.
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The expected differences in causation were based on an intuitive
appraisal of the 3 flight pattern groupings. Failures-to-level are passive
events suggesting errors of omission. By contrast, failures—to-maintain
would appear to be errors of commission at least for those situations where
the aircraft wmade a controlled departure from the assigned altitude.
Fajilures—to—-attain might result from a failure to depart for an assigned
altitude, premature leveling before reaching an assigned altitude, or ascent

or descent at too shallow an angle.

This study examines the flight pattern groups (failures-to-level,
failures—-to—maintain, and failures~to-attain) because there were too few
observations for most individual flight patterns (e.g., there were only 5

A/TL, L/L incidents).

APPROACH

This portion of the report addresses differences among flight pattern
groups regarding: (1) the distribution of the computed magnitudes of the
deviations, and (2) the causes of the deviations. The distributional charac-
teristics of deviations in the various flight pattern groups were determined
through the careful review and coding .7 502 altitude deviation incidents.

This methodology is explained in the main text.

A rigorous analysis of the causes of altitude deviations for the 3 pri-
mary flight pattern groups was not undertaken. However, as each of the 502
incidents was examined, some general impressions were formed and reinforced
by extensive notetaking. These impressions may be regarded as hypotheses

that may merit further study.

FINDINGS

Distributions

Distributions of altitude deviations were developed for failures-to-

level, failures~to-maintain, failures-to-attain, and the wunclassifiable

reports. The observed distributions are shown in Figure B-1. The observed
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distributions can be approximated by a fitted geometric distribution of the

form:
(1-qd-1, d =0, 1, 2, -.., 6

where

Q 1is the probability of not detecting the deviation in any
1000-ft interval

d is the magnitude of the deviation expressed in thousands
of feet.

The equations from the geometric approximations of the observed distributions
are shown in Table B-2. The significance of these distributions is discussed

later.

TARLE B-2. FITTED GEOMETRIC APPROXIMATIONS TO OBSERVED
ALTITUDE DEVIATION DISTRIBUTIONS

Flight Pattern Geometric Distribution
Failures—to-Level (0.73)(0.27)4-1
Failures—to—Maintain (0.55)(0.45)d-1
Failures-to-Attain (0.40)(0.60)d"1
Unclassifiable (0.56)(0.44)4-1
Weighted Combination(a) (0.60)(0.Z»O)d"1

<a)Weighted by the number of reports for each flight pattern.

Causation
During the investigation, the authors noted the reported occurrence of

errors of omission versus errors of commission in the data set. This con-

trast was rooted in the earlier observation that failures-to-level and many
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failures—to-attain involve constant flight patterns whereas failures-to-
maintain and some failures—to-attain are characterized by changing flight

patterns.

A second line of inquiry involved a documentation of the information
flight crews reported knowing during altitude deviations. Did any of the
crew know the assigned altitude? Was someone aware of the aircraft’s alti-
tude? Were there communications difficulties? Was information lost or

degraded?

Altimeter scanning, altitude alert, automatic pilot. - Many reporters

indicated that an altitude deviation resulted from their failures to scan the
altimeter with sufficient frequency. Often distraction was cited as a fac-~-
tor in such occurrences. Another reported factor was reliance on: (1) an
altitude alert mechanism that malfunctioned or that was not heard or seen, or
(2) an automatic pilot that failed to capture or hold. These factors were

frequently associated with failures-to-level.

Information. Many respondents indicated that problems related to infor-

mation processing and retention were associated with the occurrence of an

altitude deviation. These problems included:

1. Mishearing a clearance

2. Not hearing a clearance

3. Mistaking another aircraft’s clearance for one’s own
4. Misinterpreting a clearance

S. Mistaking an "expect" clearance for an actual one*
6. Misreading an altimeter

7. Misreading a navigation chart,

Information related problems were most frequently associated with failures-

to-maintain and failures-to-attain. The results were aircraft departing

*An "expect' clearance is one in which ATC tells a pilot that he can expect a
clearance soon for a specified altitude.
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their assigned altitudes without clearance, failing to leave altitudes for

their assigned altitude, or leveling prematurely at an incorrect altitude.

Interestingly, the majority of reports coming from aircrews indicate
that the reporter or another member of the flight crew knew the assigned
altitude at some point before the deviation occurred. 1In some reports this
information was said to have become degraded, forgotten, or not communicated
to the flying pilot. 1In othersrthe reporter indicated that the altimeter was
not scanned with sufficient frequency to avert a deviation or the information
was otherwise improperly applied. Note that a minority of reporters indi-
cated they did not receive or understand the altitude clearance that a con-

troller later indicated they had violated.

Profile descents. - Profile descents and altitude restrictions were

often associated with failure-to—-attain incidents. Reporters often indicated
that navigation descent charts were misread or improperly related to the
position of the aircraft. 1In other situations, reporters said they forgot an
altitude restriction entirely, or until it was too late to make the restric-

tion.

DISCUSSION

Distributions of Altitude Deviations
by Flight Pattern

The general finding of this study is the fact that the exponential dis-
tribution (or its geometric analog) yields a good fit to the altitude devia-
tions with different means for different subsets of the data. The differ-
ences between these mean values are examined below in terms of the time-to-
detect interpretation previously described. The examination is given for
three flight pattern groups: failures-to-level, failures-to-maintain, and

failures-to-attain.

Rather than undermine the principal study conclusions, observed differ-
ences among the flight pattern groups amplify and support them. Each of the

three subpopulations has a distribution that is approximately geometric, as
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can be observed in Figure B-1, but with different parameters. The differ-
ences in the parameters among the flight pattern groups can be meaningfully
interpreted in terms of the time-to-detect model that has been suggested for

the overall distribution of deviations.

The key to understanding the distributions shown in Table B-2 is
analysis of the parameter Q. For example, Q = 0.27 for failures-to-level.
This may be interpreted as follows: if a failure-to-level incident occurs,
there is a 27 percent possibility that the aircraft will deviate 1000 feet
without the deviation’s being detected; if the deviation survives detection
in the first 1000 feet, it has a 27 percent chance of surviving to 2000 feet

without being detected, and so on.(a)

The distributions shown in Table B-2 are based on a distance measure.
However, they can be translated into a time measure by dividing by a refer—
ence ascent/descent rate for deviating aircraft. (When the aircraft inap-
propriately maintained 1level flight, it is the typical ascent/descent rate

for the aircraft that is of interest.)

Based on the preceding discussion, the findings shown in Table B-2 are
reinterpreted as detection times in Table B-3. The detection time estimates
are very sensitive to the assumed reference ascent/descent rates of aircraft.
Variations in estimated detection times for the various flight patterns are

discussed next.

Failures-to-level. - These altitude deviations may be detected by the

flying pilot, nonflying crew, a controller, or by the aircrew of a second
aircraft that comes into conflict with the deviating aircraft. Relatively
few reports 1indicate that the altitude alert mechanism was the detection
instrument. Such deviations are generally small and may not be deemed worth

reporting.

(a)conversely, the probability is 1-0.27 = 0.73 that the deviation will be
detected the first 1000 feet.
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TABLE B-3. ALTITUDE DEVIATION DETECTION TIMES, BY
FLIGHT PATTERN AND REFERENCE ASCENT/DESCENT RATE

0
Reference Ascent/Descent Rate h, feet/min
Flight Pattern 1000 1500 2000

Probability of an Undetected Incident Surviving
An Additional Minute Without Being Detected, P, percent(a)

Failure-to-Level 27 14 7
Failure-to-Maintain 45 30 20
Failure-to-Attain 60 47 36
Unclassifiable L4 30 20

Combined 40 25 16 |

N — e S (B}
Half-Life of Deviation T; , seconds

Failures—-to-Llevel 32 21 16
Failure~-to-Maintain 52 34 26
Failure-To-Attain 82 S4 41
Unclassifiable 51 34 26
Combined 45 30 22

o - -
(a)Computed using P = exp(-h/h)x100, where h denotes the mean altitude devia-
tion shown in Table 3.

1 -0 -
(b)Computed using 75 = (h/h)ln 2, where h is shown in Table 3.

These reports may generally be regarded as those in which the primary
mechanical coatrol devices, the altitude alert and the automatic pilot, did
not perform their usual role. Thus, the distribution reflects the speed and
efficiency with <hich humans detected and exerted control over the altitude

deviation problem.
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It appears from the narratives that the flying pilot or other crew
members often know the assigned altitude in failure-to-level incidents.
Thus, the flying pilot as well as other human controllers may detect the
deviation. Because of the large number of potential human detectors of a
failure-to-level incident, the detection times may be relatively rapid when

compared with other flight patterns.

In addition, the magnitude of failure-to-level deviations 1is generally
understated because the computed measure is taken to be the difference
between the altitude at detection and the inception altitude of the devia-
tion. Data regarding the inception altitude were generally unavailable.
Thus, the emergence point was generally used to compute the magnitude of the
deviation. If data describing the inception point were available, the aver-

age calculated deviation would be at least a few hundred feet larger.

Failures-to-maintain. - These incidents often involve pilots who become

convinced that they are no longer assigned to the altitude where they are
flying. In these situations, the pilot effectively neutralizes the mechanical
constraints on the deviation -- the altitude alert mechanism and the
automatic pilot. Moreover, he does not perform his usual role as the primary
human detector of altitude deviations. It may be for these reasons that
failures-to-maintain seem to persist for a longer time than failures-to-

level.

Failures-to-attain. - The magnitude of the altitude deviation is

roughly proportional to the existence of the deviation over time for
failures-to—-attain (just as it is for failures-to~level and failures-to-
maintain). The time duration of the failure-to~attain incident is defined as
the difference between the detection time and the inception time. However,
the distance used to compute the deviation’s time to detect is the distance
between the flight altitude at the time of detection and the assigned alti-
tude at the emergence point., The mean altitude deviation is considerably
larger for failures-to-attain, than for failures-to-level and failures-to-

maintain.
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Failures—to-attain generally involve missed crossing restrictions on
profile descents often because of misread or misunderstood navigation charts.
As with failures—to-maintain, the flying pilot may be unaware of the altitude
deviation because he believes (because of the false reading of a chart or
instrument) that he is at the correct altitude. Moreover, many of these
incidents involve clearances provided only on the navigation charts or
approach plates —-- not verbally by the controller. The restriction may sim-

ply be forgotten.

Altitude deviations associated with failures-to-level and failures-to-
maintain are usually detected by scanning an altimeter or a data block on a
scope without referring to the deviating aircraft’s horizontal position
(i.e., it is known that an aircraft should not be above or below a specified
altitude regardless of its horizontal position). By contrast, the detection
of a failure-to-attain involves a correlation of an aircraft’s altitude with

its horizontal position.

Further, it may be unclear to a controller or nonflying crew member that
an altitude restriction has been forgotten because ascent/descent rates vary
among aircraft and pilots. The point where ascent or descent should commence
is correspondingly vague. It is possible for a nonflying pilot or controller
not to recognize this type of deviation until it has persisted for a consid-

erable time.

Taken together, these factors are believed to account for the relatively
large mean altitude deviations obtained for the failure-to-attain flight pat-

tern.

Unclassifiable. - These reports generally involve narratives that are

too sketchy to classify according to flight pattern. As such, this group is
likely to be an amalgam of the other flight pattern groups. The statistical
characteristics of this group would be expected to be intermediate to those
of the other groups. This is seen to be the case for the results shown in
Table B-3.
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Causation

As was noted earlier, the causes of altitude deviation incidents were
not analyzed in a rigorous fashion. Only general impressions are reported.

On that basis the following assertions are made:

1. Most altitude deviations in the database involve a flight
pattern where the flight path should have changed to
accommodate an altitude assignment but did not. Thus,
there is evidence of an error of omission. The most fre-
quently cited reasons for these errors of omission are
fai ure to monitor the altimeter and excessive reliance
on an altitude alert mechanism or automatic pilot. Dis~
traction is also said to play a role as well as difficul-
ties related to information transfer, retention, or
degradation.

2. A minority of altitude deviations involve a changing
flight pattern where the aircraft’s flight phase inap-
propriately changed resulting in an altitude deviation.
This suggests an error of commission. The most fre-
quently cited reasons for these occurrences are informa-
tion related. These include misreading altimeters, other
instruments, or a navigation chart; misunderstanding a

clearance, and so on. A few of these cases do not
involve errors of commission. Instead they manifest
undetected departure, reliance on a malfunctioning

automatic pilot, uncontrolled ascent/descent in weather,
and assorted other occurrences.

Although these findings hold in a general sense, there are reports in
the database that do not fit these patterns. Thus, one must be careful to
avoid over generalizing these findings that are best regarded as hypotheses

rather than firm conclusions.

CONCLUSTONS

The 805 altitude deviations examined in this study show a remarkable
consistency. Attempts to subdivide the population into meaningful subgroups
served to underscore the commonalities shared by the subgroups. Most impor-
tantly, the altitude deviations of each flight pattern group are found to be
well-represented by exponential distributions. However, some limited differ-~

ences were detected among flight pattern groups. Geometric distributions
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could be constructed that closely approximated the observed distribution of
deviations for each flight pattern but their half-lives differed. The
differences in half-lives is amenable to explanation in terms of a time-to-
detect analytical framework. The differences among the mean altitude devia-
tions and corresponding half-lives are postulated to reflect variations in
the number of human control agents involved in surveillance and the diffi-
culty of the surveillance task. It is believed that the ease with which the
inception point of an altitude deviation can be identified varies among
flight pattern groups and may be a particularly important determinant of

detection speed.

During the research effort some basic hypotheses were developed regard-
ing differences in the causes of altitude deviations among flight pattern
groups. The following hypotheses merit further investigation: failures—-to-
level result from low scan rates on instruments, distraction, and excessive
reliance on autopilots and altitude alert mechanisms; failures-to-maintain
and failures-to-attain relate to information processing problems, including
miscommunication, misreading of navigation charts, misreading of instruments,

and forgetting ATC assignments or crossing restrictions.
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APPENDIX C

MATHEMATICAL DERIVATIONS

A MATHEMATICAL DERIVATION OF EXPONENTIALLY
DISTRIBUTED DETECTION TIMES

The following argument is intended to provide direct support for an
exponential distribution for detection times of altitude deviations. Con-
sider a population of altitude deviations. It is assumed that each deviation
is detected at some time, and that the mean time to detect a deviation is
given by T . It is convenient to measure all time intervals in units of this
mean time. Now suppose that at time O an altitude deviation exists for a
particular aircraft, and consider the probability that the deviation is still
undetected at time t/T. Note that if t/T is made sufficiently small, the
deviation is not likely to be detected in this small time interval. A devia-
tion that is undetected at the present time is not likely to be detected in
the next second; it is still less likely to be detected in the next mil-
lisecond, etc. This suggests that by making t/T sufficiently small, the pro-
bability that the deviation is still undetected can be made arbitrarily close
to 1.0. A simple representation of this probability takes the following
form: Q = 1-(t/T1). This expression clearly shows that the probability that
the deviation is not detected is arbitrarily close to 1l as t/T is made arbi-

trarily small.

Next suppose that the altitude deviation, in fact, has not been detected
at a specific time t/ T, and suppose that the time interval t/t is subdivided
into n equal subintervals. Because the deviation is not detected at time
t/T, it cannot have been detected during any of the n earlier time intervals,
each of which has a duration of (EJ (i). In probability terms this means
that Q can also be written as 2 peruct: Q = (l——E.<£)“. This expression
simply indicates that the deviation was not detected[;n';ny of the n time
intervals, each of length (%) (%). Finally, by letting n become arbitrarily
large, it is found that Q = e~t/T, From this result, it follows that P = 1-Q

= 1—e’t/T, and this expression represents the probability that the deviation
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is detected in the interval (0,t/1). The probability that the deviation is
detected in some 1infinitesimal time interval 1is then given by dP =
(I/T)e'tltdt. This form is the customary mathematical expression for an

exponential distribution with mean T.

LINEARIZED FORM FOR EXPONENTIALLY
DISTRIBUTED ALTITUDE DEVIATIONS

The exponential distribution for an altitude deviation Ah may be written

as follcws:
£(th) = (1/8) exp(-bh/8), oh 2 0, (c-1)

where the parameter & denotes the mean altitude deviation for the distribu-
tion. The integration of Equation (C-1) to the left of Ah shows that the
area in the left tail of the exponential distribution is given by F(Ah) =
l-exp(-2h/§), where F(ah) represents the cumulative distribution function. By

solving for exp(-sh/8) and taking logarithms, it follows that

1
In (f:ffgﬁ? = (1/8) sh. (C-2)

This expression shows that if the left side is plotted against Ah, the result

is a straight line through the origin with a slope equal to 1/§.

The cumulated fraction of the altitude deviations less than Ah serves as
an estimate of F(2h). 1If these estimates are substituted into the left side
of Equation (C-2) and plotted versus Ah, then the resulting points will fall
approximately on a straight line with a theoretical slope given by 1/&, pro-
vided the data are represented by an exponential distribution. The slope §
can be estimated by fitting the data with a regression line through the ori-
gin. The reciprocal of the slope of the regression 1line then provides a

numerical estimate of the mean altitude deviation.
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Detection Times Proportional to Altitude Deviations
are Exponentially Distributed

Let altitude deviations Ah be exponmentially distributed with mean é.
Then the probability that an altitude deviation is less than Ah is given by
f(ah) = l-exp(-Ah/8). Now suppose that the detection time for an altitude
deviation is given by Ah/%, where % denotes a constant rate of change of
altitude for the aircraft. Consider the probability that the detection time
is 1less than some number k. This may be written as P{tSk}. By substitution

it follows that
. O, <. © 0
P{tZk} = P{sh/hZk} = P{ph-kh} = F(kh).

The right-most expression is seen to be the cumulative distribution function
o 0 0
evaluated at kh, so that F(kh) = 1l-exp(-kh/8). This result may be re-

arranged to obtain
< o
P{t-k} = l-exp(-k/(&h)),

and it is seen from the form of this expression that the detection time t 1is

o
exponentially distributed with a mean detection time given by §/h. The cumu-
lative distribution function can then be written as follows:

Fr(t) = l-exp(-t/1), (c-3)

o
where Tdenotes the mean time to detection and is given by T=6§/h.

Half-Lives for Exponentially
Distributed Altitude Deviations

The half-life t;/9 of an altitude deviation is obtained from Equation
(C-3) by setting Fp(t) = 1/2 and solving the resulting expression for t. The

solution is found to be:
t1/2 = 1T 1ln 2.

Thus, the half-life of an exponentially distributed altitude deviation is
given by T 1n2, and is approximately 70 percent of the mean time to detection
for the distribution. In terms of the mean altitude deviation & and a con-

stant rate of change of altitude ﬁ, the half-life is given by

t1/2 = (&%) In 2.
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Confidence Intervals for Means of
Exponentially Distributed Altitude Deviations

Let T denote an estimate, based on f measurements, of the mean time 1 of
an exponential distribution. It may be shown that the ratio v/t is distri-

buted as a x2 deviate with 2f degrees of freedom.(1) It follows that
P{x2p.025/2f < /1 < x%g.975/2f} = 0.95,

where X2 denotes the fractile of the x2 distribution having the fractional
P
area p to its left. The preceding expression may be rearranged to provide a

95 percent confidence interval for T:
P{(71/Fy) < 1 < (Z/F},

where Fy and Fy denote X20‘025/2f and x20.975/2f, respectively.

The estimates for 1 are obtained by using the reciprocals of the slopes
of the regression 1lines, constrained to pass through the origin, that are
fitted to the various partitionings of the 502 altitude deviations. The fac-
tors F; and Fy are obtained using the following large-sample approxima-

tions:(z)

x2p/2f = (L/(AE)(VEE-T + up)?,

where p = 0.025 and 0.975 for F; and Fy, and up denotes the fractile of the

Normal distribution with a fractional area p to its left.

Table C-1 shows a listing of the factors Fy and Fy for the various par-
titionings of the set of 502 altitude deviations. The lower and upper 95
percent confidence limits for the means shown in column 3 are obtained by

dividing the means by Fg and Fy, respectively. The results are shown in

Table 3.

Statistical Tests of Significance
Among Mean Altitude Deviations

Table C-2 shows numerical results for testing the statistical signifi-
cance of the differences among the mean altitude deviations for the subgroups

associated with the partitionings of the 502 altitude deviations. The mean
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TABLE C-1. CONFIDENCE LIMIT FACTORS

Mean Coufidence
Altitude Limit Factors
Partitioning f Deviation, ft Fy Fo
Failure—-to-Level 251 773 0.88 1.13
Failure-to-Maintain 97 1237 0.81 1.21
Failure-to-Attain 32 1964 0.68 1.37
Unclassifiable 122 1225 0.83 1.18
Pilot Reports 297 973 0.89 1.12
Controller Reports 190 1252 0.86 1.15
Pilot and Controller 15 1027 0.55 1.55
 No Military Aircraft
Involved 437 1078 0.91 1.10
Military Aircraft
Involved 65 1122 0.77 1.25
Evasive Action Taken 111 1197 0.82 1.19
Unknown Action
or None 63 1163 0.76 1.26
No Conflict 328 989 : 0.89 1.11
Combined 502 1080 - 0.91 1.09

altitude deviations shown in Column 3 are ranked in decreasing order.
Because these means are associated with exponential distributions it is
assumed that the estimated means are chi-square distributed with 2f degrees
of freedom, where f is equal to n-1, and n is equal to the number of reports

involved in the mean altitude deviation.

Comparisons among means are made by taking ratios of the larger means to
the smallest mean within each partitioning. These ratios are shown in column
5 and are taken to be F-distributed with 2f;, and 2f, degrees of freedom.
The critical values for the 95 percent fractiles of the F-distribution are
shown in column 6 and are computed using a large sample approximation.(3) If

the ratio of the mean altitude deviations in column 5 exceeds the critical
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F-ratio in column 6, it is concluded that the means differ statistically at

the 5 percent level of significance.

The last column of the table shows that the mean altitude deviations are
statistically larger for each flight pattern relative to the mean altitude
deviation for the failure-to-level subgroup. Similarly, it is seen that the
mean altitude deviation associated with controller reports statistically
exceeds that associated with pilot reports. The mean altitude deviation for
reports involving military aircraft does not differ at the 5 percent level of
significance from the mean altitude deviation for reports not involving mili-
tary aircraft. The final portion of the table shows that the mean altitude
deviation for reports involving evasive actions is barely significant (mean
ratio of 1.21 versus critical F-ratio of 1.19), relative to the mean altitude

deviation for No Conflict reports that typically involved single aircraft.

Relation Between the Geometric
and Exponential Distributions

Both the gecmetric and exponential distributions were used in analyzing
the magnitudes of the altitude deviations. The following expression shows

the relation between these two distributions:
qu—l = (l_e—l/'[)(e"l/'f)k‘l’ k = 1’ 2) L ]

where the left side shows a term of the geometric distribution with p = 1-q
and 0<q«<1. The correspondence between the two distributions is seen by
equating q with e‘llT, where 10 denotes the mean of the exponential distri-
bution. This equality shows that (1/t1) = 1n(l/q) so that the exponential
distribution can be expressed in terms of the geometric parameter q as fol-

lows:
£(k) = In(1/q)e~k In(l/Q) k=1, 2, ... .
With this relation it can be shown that the area under the exponential dis-

tribution between k-1 and k is equal to qu_l, k=1, 2, «.. .

As an application consider an exponential distribution with mean T =
1000 feet that is to be represented by a geometric distribution with inter-

vals of 100 feet. Because k = 1, 2, ... must correspond to 100,200,... feet,
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it follows that T = 1000 feet corresponds to k = 10, so that T is measured in
units of 100 feet and has a magnitude of 10. With Tt = 10, it is seen that q
= e~1/10 - 0.9048, and p = 0.0952, so the geometric representation 1is given
by

pak~1 = (0.0952)(0.9048)k-1,

If the geometric representation has intervals of 1000 feet, then the rescaled

value of 1 is 1.0. 1In this case, the geometric distribution takes the form:

- 1, Lik=-
pgk7l = (1-2) (kL.
e e

Table C-3 shows the observed and expected numbers of reports based on
equation (C-~1). The table shows excellent agreement between the observed

number of reports and the geometric distribution given above.

TABLE C-3. OBSERVED AND EXPECTED NUMBER OF REPORTS USING
GEOMETRIC DISTRIBUTION AT 1000-FT INTERVALS

Upper Limit of
Altitude Number of Reports
Deviation k, Chi-Square
Thousands observed (1) Expected(z) Component,
of Feet 0 E (O—E)Z/E
1 337 317.3 1.22
2 109 116.7 0.51
3 33 42.9 2.28
4 15 15.8 0.04
5 4 5.8 0.56
6+ 4 3.5 0.07
Total 502 502.0 4.68(3)

(l)Source: Table D-1
(Z)Computed using 502(1—(1/e))(1/e)k_1

(3)Chi-Square value of 4.68, with 5 degrees of freedom, is not satistically
significant at the 95 percent level, so the observed results are consistent
with the geometric distribution at 1000-ft intervals.
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APPENDIX D

SEARCH STRATEGY, ACCESSION NUMBER, AND DATA
LISTING FOR ALTITUDE DEVIATION REPORTS

An inclusive search strategy was used to obtain the reports for this
study. The following keywords were used: altitude deviation, altitude
excursion, altitude overshoot, altitude undershoot, deviation from clearance,
unauthorized climb, and unauthorized descent. The detailed search strategy

given below 1is taken from the computer printout:

AVIATION SAFETY REPORTING SYSTEM

LAST UPDATE 08/27/80
WITH 12563 REPORTS.

ENTER YOUR REQUESTS ONE AT A TIME

1/ XEQ,ATTACH,SAVEPFL,SEARCH, ID=HECHT
ENTZR YOUR REQUEST

1/
AT CY= 003 SN=SHARED /X ALTBUST

1/ ALTITUDE D*ALL
1037 REPORTS
21 TERMS WITH YOUR STEM WERE COMBINED
2/ ALTITUDE EXCURSION
29 REPORTS
3/ ALTITUDE OV*ALL
80 REPORTS
3 TERMS MITH YOUR STEM WERE COMBINED
4/ ALTITUDE UM*ALL
20 REPORTS
2 TERMS WITH YOUR-STEM WERE COMBINED
5/ ALTITUDEDE*ALL
4 REPORTS
3 TERMS WITH YOUR STEM WERE COMBINED
6/ ALTITUDEOV*ALL
4 REPORTS
1 TERMS WITH YOUR STEM WERE COMBINED
7/ ALTITUDEUN*ALL
2 REPORTS
1 TERMS WITH YOUR STEM WERE COMBINED
8/ DEVIATION FROM CLEARANCE/A*ALL
6 REPNRTS
3 TERMS WITH YOUR STEM WERE CCMBINED
9/ GEVIATIQN/AL*ALL
' 1 REPORT
¥ TERMS WITH YOUR STEM WERE COMBIMNED

10/ UNAUTHORIZED AL*ALL
69 REPORTS
3 TERMS WITH YOUR STEM WERE COMBINED
11/ UNAUTHORIZEDCL*ALL
2 .REPORTS
2 TEPMS WITH YOUR STEM WERE COMBINED
12/ UHAUTHORIZED CL*ALL
106 REPCRTS
7 TERMS WITH YOUR STEM WERE COMBINED
13/ UHAUTHORIZZD DE*ALL
102 REPCATS
4 TEAMS WITH YQUR STEM WERE COMBINED
14/ (102030305%506070809010011012013)
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Table D-1 shows the distribution of the computed altitude deviations for

508 ASRS reports.

7000 ft and 16,500 f¢t,

the remaining 502 altitude deviations

primary data for this report.

With the exclusion of the six largest deviations, between

constitute the

TABLE D-1. DISTRIBUTION OF COMPUTER ALTITUDE
DEVIATIONS FOR 508 ASRS REPORTS

Altitude Nunmber Altitude Number Altitude Number

Deviation, of Deviation, of Deviation, of
feet Reports feet Reports feet Reports
100 2 1400 6 3000 17
200 10 1500 19 3200 1
300 12 1600 1 3300 1
350 ! 1700 3 3500 1
400 33 1800 4 4000 12
480 1 1900 1 4700 1
500 50 1950 1 4800 1
600 34 2000 44 5000 2
700 33 2100 1 5400 1
800 21 2200 1 6000 3
900 13 2300 2 7000 1*
1000 122 2400 2 10000 2%
1100 6 2500 7 11000 1%
1200 11 2600 1 13000 1*
1300 13 2700 2 16500 1%

*These altitude deviations are excluded from the statistical analyses

sresented in the main body of this report.
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The attached listing shows in Column 1 the accession numbers of the ASRS
reports used 1in this study. The numbers shown in Column 2 are the sequence
numbers of those reports that contained numerical information provided by the
reporter (listed in Column 3) for the flight altitude (shown in Column 4) and
the assigned altitude (shown in Column 5). The difference between these two
numbers 1is taken to be the altitude deviation. This difference is shown in
Column 6 with a negative sign for those deviations in which the flight alti-
tude is below the assigned altitude. Column 7 gives an assessment of whether
the computed altitude deviation in Column 5 is a lower bound to the actual
altitude deviation or whether it vrepresents the maximum altitude deviation.
If level flight occurred at the incorrect altitude, the flight pattern group
is shown in Column 8. The improper flight altitude where a deviating air-
craft flew level is shown in Column 9 for the subset of incidents where this
occurred. In Column 10 wvarious attributes related to evasive action
incidents are listed. Incidents involving military aircraft are indicated in

Column 11.
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